Sunscreens are regulated as over-the-counter drugs in the United States. Some sunscreen ingredients are absorbed into the systemic circulation, which raises concerns about the safety of these drugs. There is limited information on the systemic exposure for most sunscreen ingredients. This report estimates the systemic absorption of two sunscreen active ingredients, oxybenzone and enzacamene, by developing a pharmacokinetic model from published sunscreen absorption data and compares the results with safety thresholds proposed by the US Food and Drug Administration and in the literature. Our analysis indicates that systemic absorption can be substantial, and evaluation of the systemic exposure of sunscreen ingredients is warranted to better assess any long-term risks of use.
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
 Sunscreens are regulated as over-the-counter drugs in the United States. Some sunscreen ingredients are absorbed into the systemic circulation, which raises concerns about the safety of these drugs.
WHAT QUESTION DID THIS STUDY ADDRESS?
 What is the reasonable blood level below which the risk is low enough such that some nonclinical studies may not be needed to characterize the risk of systemic absorption of sunscreen ingredients?
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
 The US Food and Drug Administration's recommended safety threshold of a 0.5 ng/ml steady-state concentration for a sunscreen active ingredient is reasonable. Our analysis does not support a higher threshold, as proposed by others. In some situations, sunscreen ingredients may be systemically absorbed in amounts >150 μg/day but not achieve a blood level of 0.5 ng/ml. HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR TRANSLATIONAL SCIENCE?
 Systemic absorption of sunscreen ingredients can be substantial, and evaluation of the systemic exposure is warranted to better assess any long-term risks of use of sunscreen products.
Study Highlights
Sunscreen products are regulated as over-the-counter drug products in the United States because they affect the structure or function of the body by absorbing, reflecting, or scattering the harmful burning rays of the sun, thereby altering the normal physiological response to solar radiation. [1] [2] [3] [4] [5] Sunscreen products contain active ingredients and inactive ingredients. Most sunscreen active ingredients are organic chemicals, and some have been shown to be absorbed through human skin, with detectable levels in the blood or urine. [6] [7] [8] [9] [10] [11] [12] Some inactive ingredients in a sunscreen formulation may affect the absorption of the active ingredients. As part of the assessment of safety of a drug, the US Food and Drug Administration (FDA) requests an assessment of systemic absorption of the active ingredients in humans. If testing establishes that the sunscreen is not absorbed through the skin into the body, some aspects of toxicology testing may not be needed. 1 If there is systemic absorption, then blood levels from the clinical study can be compared with exposure levels associated with findings, if any, from long-term nonclinical toxicology studies.
Sunscreen products have a wide range of extent of use, including some individuals who have sunscreen applied daily, and over many years, starting as early as 6 months of age. The amount of sunscreen ingredients in sunscreen products varies, but for some organic ingredients, permitted levels are as high as 15%. Even when not extensively applied to the skin, this can represent gram quantities a day. With this amount of drug applied to the skin, absorption as low as only 0.1% can lead to milligrams of drug being systemically absorbed. For a hypothetical sunscreen product with a sunscreen ingredient present in a 5% concentration, Table 1 shows the amount of a sunscreen product and sunscreen ingredient applied to the body and relates it to the calculated amount of ingredient absorbed on the basis of a range of bioavailability (F). With the application of a product containing a 5% concentration of the sunscreen ingredient, 30 g (1 ounce) provides 1,500 mg of the sunscreen ingredient (5% of 30 g); and, in turn, if the bioavailability is 2%, then 30 mg may be absorbed with each application. Because sunscreen may be applied daily, exposure to these systemically absorbed doses may be sustained. Such prolonged exposure underlies the importance of obtaining safety data from long-term nonclinical toxicity studies for sunscreen ingredients that are absorbed into the body.
In November 2016, the FDA finalized the guidance entitled "Guidance for Industry: Nonprescription Sunscreen Drug Products-Safety and Effectiveness Data" (sunscreen guidance). 1 The guidance recommends assessment of the human systemic absorption of sunscreen active ingredients, with a pharmacokinetic (PK) trial performed under conditions of maximal use as defined in the product label, referred to as a Maximum Usage Trial (MUsT). 13, 14 The FDA sunscreen guidance notes that some nonclinical toxicity studies may be waived if an adequately conducted human PK MUsT results in a steady-state blood level of <0.5 ng/ ml. However, the Public Access for Sunscreens Coalition 15 proposes 20-200 fold (10-100 ng/ml) higher concentration as a safety threshold. Similarly, Sargent and Travers 16 suggest a higher threshold, up to 100-fold increase. For an ingredient known to be absorbed through the skin, an MUsT can assess the level of systemic exposure for comparison to the systemic exposure observed in animal toxicity studies. However, it alone cannot quantify the absolute amount of the ingredient systemically absorbed. It also is not able to prove unequivocally that a sunscreen ingredient is not absorbed if none is detected in blood samples.
This study evaluates the safety threshold in the context of total absorbed amount vs. steady-state blood concentrations of the sunscreen active ingredients. We estimated the systemic absorption of two sunscreen active ingredients, oxybenzone and enzacamene, that are known to be absorbed, by developing a PK model from published data. We compare the estimates with safety thresholds proposed by the FDA and explain how the limitations identified are accounted for by recommendations for the conduct of an MUsT in the FDA sunscreen guidance.
RESULTS

PK characterization
PK models describing the concentration-time profiles for oxybenzone, enzacamene, and octinoxate were developed on the basis of the observed data from the study by Janjua et al. 8 The formulation studied by Janjua et al. 8 contains 10% of each ingredient. The PK parameter estimates from the model are summarized in Table 2 .
The model predicted plasma concentration-time curves fit well with the actual concentrations, except for the octinoxate levels in males ( Figure 1) . The latter was likely caused by the quality of the median concentration data from the limited number of subjects, because the data were only available in less than half of males at time points 1 and 24 hours. Therefore, we excluded octinoxate from further evaluation, and simulations were only conducted on oxybenzone and enzacamene for the subsequent analysis. Overall, Figure 1 indicated that significant accumulation could happen after once-daily application of enzacamene and octinoxate, and the concentrations plateau after 2-4 days of continuous use.
Estimating absorbed amount in the study by Janjua et al. 8 To assess the absorbed amounts given the estimates of apparent clearance and apparent volume of distribution by the model, we first calculated the theoretical F ranges of oxybenzone and enzacamene for this sunscreen formulation by making assumptions about the minimum volume of distribution and the maximum clearance. Theoretically, the minimum volume of distribution should be >3 l, the average volume of plasma in adults; the total clearance should be smaller than the sum of hepatic blood flow and renal blood flow, which is 144 l/hour, assuming there are no other elimination pathways (i.e., lung). 17 On the basis of these principles, the estimated F in this sunscreen formulation from the study by Janjua et al. 8 should be within the ranges of 0.1-13.7% for oxybenzone and 0.01-2.5% for enzacamene, as shown in Table 3 . The European Commission (EC), the agency that regulates sunscreens for the European Union, reported that the mean estimate of oxybenzone systemic absorption is 3.7% (range, 1.2-8.7%), and the estimate for enzacamene systemic absorption is 0.9%. 9, 11, 12, 18 The EC estimate for oxybenzone was based on urine excretion data in 25 volunteers after application of a commercially available sunscreen containing 4% oxybenzone twice a day for 5 days. The EC estimate for enzacamene was based on the recovery of radioactivity in the urine and feces in a radiolabeled mass balance study with six healthy male volunteers in an oil-in-water formulation at a concentration of 5% enzacamene.
On the basis of the ranges of the estimated F, we can calculate the range of the amount absorbed by multiplying the estimated F times the amount of sunscreen ingredient applied to the skin. The daily systemically absorbed amounts in this study can be in the range of 3.5-548 mg/day for oxybenzone and 0.35-100 mg/ day for enzacamene after daily sunscreen applications of 35 and 40 g for females and males, respectively. The 7.5-fold difference of steady-state blood concentrations observed between oxybenzone and enzacamene were partially attributed by the authors to the differences in absorption, in addition to drug clearance. 8 
Estimating maximal concentration after four times daily application
What blood level will be achieved if ≥1.5 μg of oxybenzone and enzacamene are systemically absorbed with the formulation of Janjua et al. 8 ? The directions on sunscreen products instruct the user to apply every 2 hours. The PK model was used to simulate the concentration-time profiles after the daily systemic absorption of 1.5 or 150 μg of oxybenzone and enzacamene, with application every 2 hours four times per day. To simulate the concentrationtime profile at steady state for the absorption of 1.5 and 150 μg, we need to know the amount of ingredient applied to the skin. We can calculate the amount applied using the equation: Amount of Ingredient Applied to Skin = Amount of Ingredient Absorbed/ Bioavailability. We assume that the mean F values for oxybenzone and enzacamene are 3.7% and 0.9%, respectively, as reported by the EC.
11,12 Table 4 shows the amount of ingredient applied to the skin calculated for 1.5 and 150 μg absorbed using F of 3.7% and 0.9% for oxybenzone and enzacamene, respectively.
After calculating the amount applied to the skin, we simulate the concentration-time profiles from the PK model for the formulation of Janjua et al.
8 Figure 2 shows the full concentration-time profiles after daily absorption of 1.5 and 150 μg/day of each ingredient. For oxybenzone, the daily absorption of 1.5 and 150 μg/ day yields steady-state maximal concentration (C max ) of 0.0022 and 0.2224 ng/ml, respectively. For enzacamene, the daily absorption of 1.5 and 150 μg/day yields steady-state C max of 0.0014 and 0.1387 ng/ml, respectively. These C max estimates are markedly below the FDA proposed limit of 0.5 ng/ml.
Estimating absorbed amount for different C max
Because the PK model relates the steady-state concentration to the amount of ingredient applied to the skin, using the model we can calculate the amount of sunscreen ingredient applied to the skin for steady-state concentrations of 0.5, 10, and 50 ng/ml. Table 5 shows the amount of oxybenzone and enzacamene applied to achieve each steady-state level. Inserting these values into the following equation (Amount of Ingredient Absorbed = Amount of Ingredient Applied to Skin × F) and using the F range estimated from PK parameters and listed in Table 3 , we are able to calculate a range of the amount of ingredient absorbed for each steady-state level of oxybenzone and enzacamene. Table 5 illustrates the predicted amounts of ingredient absorbed to achieve targeted steadystate C max of 0.5, 10, and 50 ng/ml. For the formulation of Janjua et al., 8 the estimated range of oxybenzone bioavailability is 0.1-13.7%, which calculates to a daily absorption of anywhere from 8 to 1,155 μg of oxybenzone for a steady-state C max of 0.5 ng/ml. Likewise, for enzacamene, the bioavailability of this formulation is between 0.01-2.5%, which calculates to a daily absorption of 6-1,503 μg/day for a steady-state C max of 0.5 ng/ml. For a steadystate level limit of ≥10 ng/ml, the lower limit of the calculated absorption of sunscreen is >100 μg/day, an amount well above the threshold of toxicological concern (TTC).
DISCUSSION
In some countries, sunscreen products are regulated as cosmetics and by regulation require less data than drug products to support their safety. In the United States, however, sunscreen products are regulated as over-the-counter drugs, and the FDA has established specific requirements to support their safety and effectiveness. 1 For the safety assessment of a sunscreen ingredient, it is important to determine whether systemic absorption occurs and, if so, to what extent. Most sunscreen active ingredients are organic chemicals. For some, there is evidence of systemic absorption leading to detectable levels in the blood or urine, [6] [7] [8] [9] [10] [11] [12] whereas for many others, the systemic absorption has not been adequately characterized. Absorption will vary depending on many factors, including physicochemical attributes of the active ingredient, vehicle/formulation properties, and the thickness and composition of the stratum corneum (which depends on the body site). [19] [20] [21] If a drug is systemically absorbed, long-term exposure raises safety concerns that should be evaluated. For drugs, human PK studies to assess the extent of systemic absorption are typically needed to fulfill the requirements of 21 CFR part 320. This has been a standard for the safety assessment of dermally active topical drugs in the United States for many years. The potential risks of repeated, long-term, regular systemic exposure to sunscreen active ingredients cannot be detected or evaluated on the basis of commercial marketing experience alone. 6, 22, 23 The study by Janjua et al. 8 demonstrated measurable blood concentrations for three different sunscreen active ingredients. Using the blood concentration-time data for two of the ingredients in the study by Janjua et al., 8 we developed a PK model that described the measured blood concentrations of oxybenzone and enzacamene applied to the skin. Because absorption can depend on the formulation, the model is only applicable for the formulation of Janjua et al. 8 but illustrates the potential for substantial absorption. Another limitation of our analysis is that the individual-level PK data were not available, so the modeling was based on the median values for males and females at each timepoint. A simulation of 1,000 virtual subjects was performed on the basis of the range and median values of concentrations reported, and the simulated median PK profiles were similar to those estimated by using median values reported by Janjua et al. 8 In addition, our analysis was conducted under the assumption that bioavailability and the absorption rate were independent of the dose. The model-derived parameters of apparent clearance and apparent volume of distribution enabled an estimation of the range of the absolute bioavailability for both ingredients. With the application of 40 g of sunscreen to men (containing 10% oxybenzone and 10% enzacamene), the daily amount absorbed into the body was estimated to range from 4-448 mg for oxybenzone and from 0.4-100 mg for enzacamene. For women, with application of 35 g of sunscreen, the daily amount absorbed into the body was estimated to range from 3.5-480 mg for oxybenzone and from 0.35-87.5 mg for enzacamene. These findings demonstrated that systemic absorption supports the need for appropriate risk assessment, including the use of long-term nonclinical toxicology studies.
When evaluating safety, a detection limit threshold for systemic exposure needs to be established on the basis of the analytical capability to measure drug exposure. For exposure under this threshold, the risk would be assumed to be low. The FDA sunscreen safety and efficacy guidance 1 justified the choice of 0.5 ng/ml as the regulatory threshold, as follows: (i) A TTC-based acceptable intake of a mutagenic impurity of 1.5 μg per person per day is considered to be associated with a negligible risk (theoretical excess cancer risk of <1 in 100,000 over a lifetime of exposure) present in pharmaceuticals for long-term treatment (>10 years) and where no carcinogenicity data are available. 13 (ii) The 0.5 ng/ml limit uses the generous assumption that all of the 1.5 μg is restricted to the plasma compartment of 3 l in an adult and that the entire 1.5 μg is absorbed instantaneously. Because absorption is not instantaneous, we recognize that the limit is higher than we would expect for the detection of 1.5 μg.
For the formulation of Janjua et al., 8 we estimated the steadystate C max from our model to be <0.5 ng/ml for the daily absorption of 1.5 and 150 μg of oxybenzone and enzacamene. To achieve a blood level of 0.5 ng/ml, we estimated that the upper range of the amount absorbed is >1 mg/day for both ingredients. The results show that the absorbed amount of sunscreen could be greater than the TTC or 100-fold the TTC and not be detectable at the 0.5 ng/ ml level. For sunscreen ingredients that are readily absorbed, such as oxybenzone or enzacamene, this does not present a problem. However, there may be sunscreen ingredients with low absorption with amounts at ≥1.5 μg and not be detected at the 0.5 ng/ml level.
It can be argued that a 0.5 ng/ml threshold limit is not sufficiently sensitive to waive long-term nonclinical systemic carcinogenicity and reproductive studies. A limit <0.5 ng/ml may be justified but there are likely to be technical difficulties with developing an assay with greater analytical sensitivity. The FDA currently does not have, as a matter of policy, an established safety threshold for all drug substances below which there is, by default without data, no risk for carcinogenicity or reproductive toxicity. There is, however, no simple definition of "no absorption, " and it is difficult to establish physicochemical thresholds beyond which absorption is limited without exception. For sunscreens, processes have been recommended that maximize the effort to detect systemic absorption: If an adequately conducted human MUsT results in a steadystate blood level of <0.5 ng/ml, to waive a systemic carcinogenicity and reproductive study for a generally recognized as safe and effective determination, one must provide an adequately conducted toxicology program that does not reveal any other safety signals for the ingredient or for any known structurally similar compound, indicating the potential for adverse effects at lower levels. 1 In summary, our case study using oxybenzone and enzacamene data demonstrated that applying a little more than 1 ounce of a 10% sunscreen per day can result in substantial systemic absorption of sunscreen ingredients. The FDA's proposed safety threshold of a 0.5 ng/ml steady-state concentration for a sunscreen active ingredient may not detect the absorption of milligram quantities of a sunscreen ingredient under certain circumstances. It is clear from our analysis that higher thresholds proposed by others are not justified.
METHODS
Our exercise was based on the sunscreen study in humans with repeated whole-body topical application published by Janjua et al. 8 In this study, 32 healthy volunteers, consisting of 15 young males and 17 postmenopausal females, were exposed to a daily wholebody topical application of 2 mg/cm 2 of a sunscreen formulation containing 10% (w/w) of each active ingredient for 4 days. The average daily sunscreen applications are 35 and 40 g for females and males, respectively. Blood concentrations of oxybenzone, enzacamene, and octinoxate were measured at 0, 1, 2, 3, 4, 24, and 96 hours postdose. Because the individual-level PK data were not available, the modeling was based on the median values for males and females at each timepoint.
On the basis of the observed PK data, we developed a one compartment linear model with first-order absorption and elimination to estimate the PK parameters for each ingredient. When developed, the model was evaluated by visual diagnostic plots.
On the basis of the PK characteristics of the three sunscreen active ingredients, we conducted simulations to illustrate the relationship between daily applied amount, daily absorbed amount, and predicted steady-state maximal blood concentration. First, we estimated the amount absorbed using a theoretical range of bioavailability, as described in Results. Second, we estimated the steady-state maximal concentrations after daily absorption of prespecified amounts of ingredients: 1.5 and 150 μg of oxybenzone and enzacamene. Octinoxate was excluded from modeling estimates because of limited data. The prespecified amounts (1.5 and 150 μg/day) were chosen on the basis of the following rationales: (i) 1.5 μg/day is the threshold value of the TTC in the "ICH Guidance for Industry M7 Assessment and Control of DNA Reactive (Mutagenic) Impurities in Pharmaceuticals to Limit Potential Carcinogenic Risk" 24 ; and (ii) 150 μg/day, which represents an amount 100-fold higher than the TTC threshold, as suggested by Sargent and Travers. 16 Third, we assessed the applied and absorbed amounts of sunscreen ingredients to achieve targeted steady-state C max at 0.5 and 10 ng/ml, the latter amount proposed as a safety threshold by the Public Access for Sunscreens Coalition. 15 To take consideration of the real-world scenario, our steady-state simulations were based on daily topical application of sunscreens at every 2 hours for four times a day, following dosing instruction for sunscreens in the United States.
All modeling and simulations were conducted using the nonlinear mixed-effects modeling software Program NONMEM (v7.3; ICON Development Solutions, Ellicott City, MD). The firstorder method was used to estimate the parameters. The data are modeled as a single average subject without considering between subject variability. Figures were generated with SAS (Version 9.3; SAS Institute, Cary, NC) or R (Version 2.15.1; R Development Core Team, Foundation for Statistical Computing, Vienna, Austria; http://www.r-project.org).
